A consistent and uncomplicated theoretical description for spin coating is reported. We show quantitative insight into the processes occurring during the spin cast process. We present practical method to predict the final solute coverage based on bulk. Solution properties and a single ''calibration" experiment. 
Introduction
Spin casting (spin coating) is a widely used technique to deposit films of uniform thickness on planar solid substrates (Frank et al., 1996; Larson and Rehg, 1997; Norrman et al., 2005) . In this process a liquid melt or solution is deposited on a rotating substrate. During a transient period the combination of radial and hydrodynamic (viscous) forces will flatten the deposited liquid bulk into a planar film. With on-going rotation this planar film will continuously become thinner (Emslie et al., 1958; Acrivos et al., 1960) . If the liquid film consists of a nonvolatile solute and a volatile solvent, film thinning also occurs due to solvent evaporation in addition to the hydrodynamic thinning. In the beginning, with thicker films, film thinning will be dominated by hydrodynamics. With thin films evaporation will dominate the film thinning process. Hence, to a first approximation spin casting of volatile liquids can be considered as a sequence of hydrodynamic planar film formation and thinning followed by evaporative thinning/drying of this film (Meyerhofer, 1978) . If the liquid consists of a mixture of a nonvolatile solute and a volatile solvent, the solvent evaporation causes a continuous enrichment of the nonvolatile solution components. In the end, the solute will be deposited as a dry film.
Even assuming idealized hydrodynamic and evaporative behavior, film thinning and the accompanying solute enrichment is a rather complicated process, because the increasing solute concentration has an influence on the hydrodynamic and on the evaporative properties of the film. Viscosity and evaporation behavior change continuously during film thinning. In addition, because the evaporation occurs from the film surface, the vertical solute concentration profile within the thinning film changes with time, possibly leading to a high solute enrichment close to the surface (''skin formation" (Haas et al., 2000) , ''crust" effect (De Gennes, 2002) ). The combined process of hydrodynamic and evaporative film thinning has been investigated in quite a number of theoretical and experimental studies (Meyerhofer, 1978; Shimoji, 1987; Bornside et al., 1989; Jenekhe, 1984; Lawrence, 1988; Flackr and Soong, 1984; Ohara et al., 1989; Lawrence, 1990; Reisfeld et al., 1991a,b; Shimoji, 1989; Sukanek, 1991) .
A practically useful theoretical analysis of the hydrodynamicevaporative spin cast process should describe quantitatively how under the given (initial) process parameters (rotation, evaporation rate, liquid viscosity, etc.) the film thickness and its composition evolves with time. In particular, it should predict the final solute coverage. This has been done recently in a ''zero-order" approach. For this approach it was assumed that the viscosity and the evaporation rate of the solution remains constant throughout the entire process of hydrodynamic-evaporative thinning. The values of viscosity and evaporation rate are assumed identical to those of the pure solvent. Based on easily measurable quantities this rather simple approach predicts the final solute film thickness (solute coverage) with remarkable quantitative precision for low solute concentrations (i.e., for final solute film thicknesses of up to several tens of nanometers). In the following we investigate at which solute concentrations this ''zero-order" approach starts to fail quantitatively and how it can be extended in a simple and practically feasible way into a ''first-order" approach for higher solute concentrations i.e., higher final film thickness.
To this end we measure and analyze in detail the hydrodynamicevaporative thinning of solution films and the final solute coverages as a function of the solute concentrations for various solutes and solvents. This reveals at which solute concentrations the thinning behavior and final coverage starts to deviate significantly from the ''zero-order" approach. Based on these results we present a ''first-order" description of the spin cast process. The findings offer a rather simple and practically applicable recipe to quantitatively predict final solute film thickness of up to micrometers.
Zero-order scenario for hydrodynamic-evaporative film thinning
The thinning of a Newtonian, volatile liquid film of thickness h on a rotating support is described by Meyerhofer (1978) :
Eq.
(1) assumes no slip at the liquid/substrate interface (lubrication approximation) and a free liquid surface. The film thinning due to contribution from surface tension and gravity is neglected (Emslie et al., 1958; Meyerhofer, 1978; Karpitschka et al., 2015) . E is the evaporation rate. The parameter
describes the hydrodynamic behavior (x = rotational speed, m = kinematic viscosity). The parameters characterizing the process according to Eq. (1) are K and E. In the zero-order approximation they determine t sc , the total spin cast time (film thinning from h ! 1 to h ¼ 0):
E and K also determine the ''transition height" h tr , which identifies the film thickness of the transition from film thinning dominated by hydrodynamics to thinning dominated by evaporation:
Because at thicknesses of less than h tr film thinning is mostly due to evaporation, most of the solute, which is contained in the film of thickness h tr (with a solute concentration approximately equal to the weighing in concentration x 0 ), is finally deposited on the substrate. This leads to the final film thickness of the solute
where are the shortcomings of the zero-order approach? For Eqs. (4) and (5) it is assumed that K and E are constant up to a film thickness of h tr . For Eq. (3) it is assumed that K and E are constant during the whole spin cast process. These assumptions are never perfectly correct, because K and E depend on the solute concentration x (which increases continuously due to the solvent evaporation). But for small initial x 0 the absolute increase of solute during film thinning is small even for films much thinner than h tr . Thus Eqs.
(4) and (5) are pretty accurate and even Eq. (3) is quite exact. In the following we will explore what means ''small" initial x 0 with respect to Eqs. (3)- (5) i.e., for which x 0 and at which film thicknesses do film thinning behavior hðtÞ and final thickness h f significantly deviate from the ''zero-order" scenario . We will also explore the reason of the deviation from the ''zero-order" scenario and show how it can be modified in a most simple and practical way, so that quantitative predictions on h f , on the film thinning behavior hðtÞ, and on the behavior of the solute concentration can be made with a minimum of practical effort based on easily measurable system parameters.
It should be noted that for the zero-order analysis as well as for the first-order approach discussed in the following it is assumed that during the spin cast process the deposited liquid forms a film of uniform thickness, whose thinning is dominated by hydrodynamic flattening in the beginning of the process. The analysis will not be applicable if evaporation changes the solution composition markedly already during the initial transient process when the solution is deposited on the rotating substrate, flattening and forming a planar film. In view of the properties of the solution this means that evaporation rate and viscosity have to be sufficiently low. In view of the spin cast process this means that the deposited amount of liquid has to be sufficiently large, because the evaporative losses of the initially deposited liquid drop scale approximately with its linear dimension i.e., with radius r (Picknett and Bexon, 1977; Birdi et al., 1989; Soulie et al., 2015) , whereas the time for the liquid flattening scales approximately with the inverse of the linear dimension i.e., with 1=r 2 (see Emslie et al. (1958) ). It turns out that typical liquids applied in spin casting, such as toluene or water, deposited in typical quantities (drops of 100 ll and more) on samples of typically a few cm 2 easily meet these conditions as can easily be estimated. The change in the total volume from the htr to the dry film is proportional to the solute volume fraction; because the area is constant this proportionality can be translated to the film height; it is practical in most of the cases assume that the volume fraction is equal to the mass fraction (x 0 ) when solution and solute density are approximately the same q L % q S .
2 A rather crude estimation (derived from Fig. 2 of the paper of Emslie et al. (1958)) shows that 200 ll of toluene deposited as a sessile drop with a Gaussian contour on a substrate rotating at 1000 rpm (i.e., K % 6 Ã 10 9 s=m 2 Þ will theoretically become a flat pancake of uniform thickness within t ¼ 1=ðKr 2 Þ % 10 ls. On a planar substrate of about 1 cm 2 area this planar film is about 100 lm thick. The evaporation rate of toluene for a planar film rotating at 1000 rpm is about 1 lm=s. In this case the evaporative losses within the flattening time of 10 ls will lead to a loss of about 1 nm toluene film, which will reduce the film thickness by a factor of only 10 À5 (=1 nm=100 lm). In reality the time from a round drop touching the rotating substrate to a planar film through a sessile drop will last longer than only 10 ls. But by and large this crude estimation shows that for the given conditions (toluene, drop volume, sample size) evaporation can be neglected during the initial flattening process and the zero-order approximation of the spin cast process can be applied (which is confirmed by experiments 
Substrates
As substrates served silicon wafer pieces of % 2 Â 2 cm 2 with natural oxide surfaces (oxide layer thickness % 2 nm) or with artificial oxide layers of (50 AE 1) nm thickness. In both cases the surface roughness was % 0:5 nm.
Substrate surface preparation
The substrates were first cleaned in an ultrasonic bath by a sequence of immersions (for 10 min each) in: (1.) deionized water, (2.) ethanol, (3.) acetone, (4.) ethanol, and 5.) deionized water. In a second cleaning step they were immersed in piranha solution (H 2 O 2 (35%)/H 2 O(65%) and 96% H 2 SO 4 , 1:3 volume ratio) for 30 min. Finally they were again immersed and sonicated for 10 min in deionized H 2 O and stored therein. Just before use they were dried by blowing with dry N 2 (purity: 5.0).
Spin casting
0.2 mL of solution were deposited on the center of the substrate (already rotating at constant speed). After polymer deposition, the wafers were dry blown with N 2 and then stored for 1 day before the coverage (film thickness) was determined by ellipsometry.
Optical imaging
For the in situ observation of the spin coating process, a modified optical microscope (Axio Scope A1 from Zeiss) was used. The light source was a blue diode laser (6 W, 445 nm, LDM-445-6000, LASERTACK, de-speckled by a combination of liquid light guide and a rotational diffusor). The spin coater is mounted on a X-Y table. Microscopy was performed from the top in interference enhanced reflection mode (Köhler et al., 2006) . A high speed monochromatic camera (1000 fps) and suitable image triggering and processing provided single frames during the film thinning (Manske et al., 1990) . Interferometric data (brightness variations during film thinning) revealed the film thinning behaviour (Peurrung and Graves, 1991) .
Measurement of the final coverage
The thicknesses, h f , of the dry polymer films (equivalent: coverages C) were determined by ellipsometry for thickness up to 150 nm; above 150 nm it was determined by measuring the depth of a scratch by AFM. The index of refraction of the uncoated silicon substrate was measured as 3.86 (silicon), the one of the silica layer as 1.46. The index of refraction for PMMA was assumed as 1.49 (Baker and Dyer, 1993) . The index of refraction of PS was assumed 1.58 (Ay et al., 2004 ) and 1.56 for the block copolymer. These indices were derived from comparisons of the film thicknesses respectively coverages measured by AFM and ellipsometry in the range between 20 and 100 nm.
Results
Fig. 1 depicts the thicknesses h f of block copolymer (PS-PMMA) films deposited from polymer/solvent solutions with various different initial (weighing in) polymer concentrations x 0 and different solvents (TO and EA). For low concentrations up to about x 0 % 0:02 film thicknesses h and the intial polymer concentrations x 0 are linearly proportional in agreement with Eq. (5) (top panel (A)). For higher polymer concentrations the film thickness is much higher than predicted (for x 0 ¼ 0:15 by more than a factor of 3) as depicted in the lower panel (B). The dashed line in panel (B) shows the predicted coverage according to Eq. (5) of the ''zero order" approximation. Measurements with other solute/solvent combinations yield similar results (see below). Fig. 2 shows the experimentally measured thinning curves for pure toluene and various solutions of PS-b-PMMA in toluene including a measurement with a rather high polymer concentration of 0.15 (w/w) depicted separately in the inset. The thinning curves presented in this figure originate from the same experiments that lead to the film thicknesses depicted in Fig. 1 . The different curves are plotted with different offsets in time (shifted laterally) to enable their presentation within the same figure without overlapping. The solid (fitting) lines are the theoretically predicted thinning curves based on the first-order spin cast scenario presented below. In all cases the thinning occurs in the beginning rather rapidly, slows down, proceeds then linearly for some time until it slows down rather rapidly to end upon reaching the final height of the deposited polymer layer. For the lowest polymer concentrations the final thickness of the deposited film is barely visible with the scaling applied in Fig. 2 . With the weighing in polymer concentrations exceeding about 1% the finally deposited polymer film clearly shows up in the curves. For x 0 ¼ 0:15 initial polymer concentration the deposited polymer film is about 2.5 lm thick (see inset).
For polymer concentrations of up to about x 0 ¼ 0:02 the crossover between the regime of steep and nonlinear hydrodynamic thinning and the linear regime of evaporative film thinning is clearly discernible. This transition range reveals h tr (the h tr indicated in the figure is the result of a fit of the thinning curve based on the first-order spin cast theory as presented below). With pure toluene h tr is about 5.2 lm. The transition height increases with increasing polymer concentration. With sufficient precision h tr can be derived quantitatively from fitting the experimentally measured thinning curves only for small x 0 . With larger x 0 the crossover between hydrodynamic and evaporative thinning is getting too close to the early transient film formation process when the liquid undergoes the transition from a drop to a film. Therefore, in this case h tr cannot be derived with reasonable accuracy from the experimentally measured thinning curves. On the other hand, all thinning curves presented in Fig. 2 display a rather wide range of a rather linear thickness decrease before the film thinning decreases rapidly due to the final polymer deposition/drying process. Presumably this linear range reflects film thinning dominated by evaporation. Fig. 3 presents the slopes, dh=dt j j , of the experimentally measured film thinning curves (Fig. 2) as a function of the time and the polymer concentrations. The indicated polymer concentrations, x 0 , are the original weighing in values. The time is scaled with the process time, t sc (which is derived/defined with the first-order approach as discussed below). Scaling the time with t sc allows for a convenient presentation of all data in a single plot without too much stretching of the time axis (with increasing x 0 film thinning takes increasingly longer, as demonstrated in particular by the data presented in the inset of Fig. 2) . Fig. 3 reveals for all thinning curves a regime of film thinning with a constant slope, intermediate between the early nonlinear hydrodynamic film thinning and the nonlinear drying behaviour at the end of the spin cast process. Except for the experiments with the highest initial polymer concentration (x 0 ¼ 0:15), the range of constant slope as well as the slopes therein are nearly identical for all polymer concentrations. For x 0 ¼ 0:15 the range of constant slope is shifted to relatively earlier times, but the slope therein is still quite similar to the cases of lower polymer concentration. According to the film thinning scenario (Eq. (1)) this (constant) slope identifies the evaporation rate E of the liquid film after the film thinning ceases to be dominated by hydrodynamic forces.
At the end of a range with approximately constant slope dh=dt j j (i.e., constant E), dh=dt j jabruptly decreases. This sudden decrease of E is quite pronounced for the higher polymer concentrations. For low x 0 the sudden decrease occurs at rather thin films and only within a rather short time. Supposedly this late and rather slowly proceeding film thinning after the range with dh=dt j jcan be attributed to the final drying of a thin, polymer-rich film. Fig. 3 . To this end it is assumed that film thinning at thicknesses below h tr is dominated by evaporation and accordingly the polymer concentration is given by: (5)). For x0 > 0:02 (i.e., h > 50 nm) (panel (B)) h f is increasingly much thicker than predicted in the zero-order calculation. curve as depicted in Fig. 4 (i.e., essentially assuming in all cases the same E of % 1:8 lm=s except for x 0 ¼ 0:15 with E ¼ 1:5 lm=s). The inset of Fig. 5 shows that the viscosities of the polymer solution changes by about 2 orders of magnitude if the polymer concentration increases from x ¼ 0 to x ¼ 0:15. The solutions were investigated at three different speeds. As can be seen they behave like a Newtonian fluid. The experimental data could be fitted quite nicely with a polynomial of third order (m ¼ 10 6 q À1 ð13:3x 3 À 0:29x 2 þ 0:035x þ 0:0006Þ) following Ref. (Mate and Novotny, 1991) as well as exponentially (m ¼ 700q À1 expð28:5xÞ) according to Refs. Bornside et al. (1991) and Phillies (1995) ; the density of the solution was taken as mass fraction proportionality from the density of each component (see Materials and methods).
The change of two orders of magnitude in m is reflected in the decrease of K, which decreases by nearly two orders of magnitude when the polymer concentration increases from x 0 ¼ 0 to x 0 ¼ 0:15. Fig. 5 reveals that K derived from fitting the thinning curves and K derived from bulk viscosity data agree quite well within the entire range of polymer concentrations. This means that the experimentally measured thinning curves up to x 0 ¼ 0:1 can be described by Eq. 1 with a constant E identical to the one of the pure solvent and K values based on the viscosity of the bulk solutions with the weighing polymer concentrations x 0 .
Fig. 6 supports this assumption by presenting the time evolution of the polymer concentration x as derived according to Eq. (6) as a function of time. The time is scaled with an empirical process time t Ã sc , which is a combination of the t sc plus the additional time for complete solute drying (i.e., when dh=dt ¼ 0) as derived from the empirical thinning curves. The black solid lines are derived from fits to the experimentally observed thinning behavior assuming the thinning behavior according to Eq. (1) with a constant E (of the pure solvent) and constant K based on the bulk viscosities of the initial solution as shown in Fig. 5 . The experimental data agree with the theoretical curves up to concentrations of about x % 0:65 or even higher (for the lower initial x 0 ). At concentrations higher than x % 0:65 the polymer enrichment slows down (as can also be seen in Fig. 4) . (Cochran, 1934; Meyerhofer, 1978; Haas et al., 2000) . For x ¼ 0 the evaporation rates were derived from the loss of weight per time for a petri dish (5 cm diameter, about 0.5 cm deep) filled with solutions in an nonconvective ambient air environment. 4 The evaporation rates for the range of 500 rpm < x < 4000 rpm were derived from the linear sections of the thinning curves. Fig. 7 shows that the data can empirically be described by:
An excellent approximation for Eq. (7) for the case of spin cast-
EðxÞ % e ffiffiffiffi ffi x p ð8Þ Fig. 8 presents the experimentally measured final polymer film thicknesses, h f , as function of the initial weighing in polymer concentrations x 0 . The final film thicknesses are scaled by the transition heights, h tr , of the corresponding systems. The data are from different polymers, different solvents, and different speeds of rotation. They agree very well with a linear behavior between the final Fig. 4 . Evaporation rates E derived from the slopes dh=dt j jof the experimentally measured thinning curves of film thicknesses below htr as function of the polymer concentration. Because h < htr evaporative thinning dominates and dh=dt ¼ E. x is the polymer concentration within the film corresponding to the measured E. It is derived from the original weighing in value, x0, by taking into account the loss of solvent due to evaporation. The data were recorded at x = 1000 rpm. Fig. 5 . Spin cast parameters K plotted as a function of x0, the weighing in polymer concentration (MW:55k-b-22k, dissolved in toluene). The full black squares present K derived from best fits of the experimentally measured thinning curves according to Eq. (1) and assuming (constant) evaporation rates E as derived from the intermediate, constant slope of the thinning curve (For the fits the thinning behavior (Fig. 4) during the initial transient transformation from a drop to a film of uniform thickness as well as the thinning during the final film draying is neglected). The full red circles in the main frame depict K calculated with Eq. (2) from the viscosities obtained by the bulk measurements (see inset). The inset shows the dynamic bulk viscosities from bulk solutions at different concentrations and shear speeds (measured with a rheometer Anton Paar MCR 301). Also shown are fits of the bulk viscosity data (dashed: polynomial; dotted: exponential; see also main text). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 3 The fits assume that the thinning curves start at infinite thickness and end at zero thickness without any polymer/solute deposition i.e., a pure solvent with the E and K of the real polymer solution. It therefore focuses only on the experimental data in the range (1) after the transient film formation at the beginning of the spin cast process and (2) before the thinning curve shows the deposition of a polymer film at the end of the process. The deviations of the real thinning curve from an idealized thinning curve at the beginning and at the end of the real spin cast process are quite obvious so that the upper and lower cutoff for the fitting range is quite unambiguous. 4 Surface curvature, convection and side walls influence the static evaporation rate and have to be minimized for its experimental determination. Petri dishes with several centimeters in diameter filled to the rim and placed in the nearly completely closed compartment of a precision scale are a reasonably optimized compromise of an experimental setup. Convection is suppressed, the surface is mostly planar, the liquid volume is relatively small and the loss of weight can be measured with high sensitivity/precision. film thickness of the deposited non-volatile solute, h f , and the initial (weighing in) concentration, x 0 , of the solute according to Eq. (5), where E ð¼EðxÞÞ has been replaced by e according to Eq. (7):
or, assuming that the (weighing in) density of the solution, q 0 is independent for the polymer concentration:
as an instrument and solvent-specific constant, c, reflecting the evaporative conditions of the used solvent in the applied spin cast setup. 5 We developed Eqs. (9)-(11) to predict the final solute film thickness, h f , as a function of the four main process parameters, x 0 ; x; g 0 =q 0 and e for a given instrument. All parameters (instrument-or process-specific) are easily measurable. They are either (1) weighing-in properties (g 0 ; q 0 ), easily accessible by bulk measurements, (2) at hand, adjustable process parameters (x 0 ; x), or (3) parameters accessible with one single experiment (e from the measurement of h f for a given set of g 0 ; q 0 ; x 0 , and x).
Discussion and conclusion
In this report we analyze the deposition of polymer films onto planar substrates by spin casting polymer solutions with volatile solvents. Our focus is on measuring and understanding in detail how the hydrodynamically flattened solution film gets thinner due to hydrodynamics and evaporation, and finally forms a dry polymer film. We are interested in particular on the behavior of solutions with a relatively high polymer concentration, which lead to final dry polymer film thicknesses of up to several micrometers. In this case the simple zero-order approach that was presented earlier , which essentially neglects the impact of the dissolved solute on the spin cast process, is quantitatively not correct any more. Fig. 1 reveals experimentally above which weighing in solute concentrations, x 0 , the zero order approach fails quantitatively with respect of the predicted final Fig. 1 ). The solid line shows h f according to the first order approach resulting from Eq. (9) with constant e and bulk viscosity properties m0. The red dashed line shows hf predicted according to the zero order approach (see also Fig. 1) . The black dashed line shows hf according to the first order approach from Eq.
(9) with constant e and bulk viscosity properties m0 as presented in Fig. 5 and fitted by an polynomial rheological behaviour. The blue dotted line shows the exponential fit of the bulk rheological behaviour.
film thickness. Details on the film thinning behavior for different polymer concentrations are presented in Fig. 2 . Its analysis (Fig. 3 ) reveals the ''real" evaporation rates during film thinning (Fig. 4) i.e., the evaporation rates for films of an actual polymer concentration x that results from the polymer enrichment due to the solvent evaporation. It is found that the evaporation rates are barely affected by the polymer concentration up to x % 0:5. This can be understood because (1.) of the relatively low molar solute concentration even for large x and (2.) there is barely any relative enrichment of polymer close to the film surface. The solute enrichment close to the surface can be estimated as follows: The vertical solute distribution is determined by the competition between the solute enrichment close to the film/air interface due to the solvent evaporation and the solute dilution due to diffusion away from the film/air interface. The relative strength of these antagonistic effects is characterized by the Sherwood number (Peclet number, mass transfer Nusselt number). With diffusion coefficients D of typically P 10 À11 m 2 =s for the polymers used, Sh htr , the Sherwood number at h tr , is smaller than 1. This small Sherwood number means that the vertical solute distribution within the thinning film is rather uniform at h tr . It also means, to a first approximation, that the solute composition is even more uniform as the film is getting thinner than h tr due to evaporation 6 .
The data of Fig. 3 show that the evaporation rates are essentially those of the pure solvent for up to x % 0:5. E decreases only significantly for x > 0:5, indicating a drying process of the polymer-rich solution at these polymer concentrations (Guerrier et al., 1998) . Still, even with x > 0:5 a pronounced polymer enrichment at the film surface (''crust" or "skin" formation) is not likely, because in this case the evaporation rate would decrease much steeper than observed (Okazaki et al., 1974) . Due to the rather constant evaporation rates (Fig. 4) for films much thinner than h tr even for x > 0:02; E can be excluded as main reason for the deviation between the measured final film thicknesses and the ones predicted by the zero order analysis. Instead, as main cause for this discrepancy we identify the substantial increase in viscosity with increasing polymer concentration as depicted in Fig. 5 . Most remarkable, K 0 i.e., the weighingin kinematic viscosity m 0 is the key parameter, which determines the final film thickness h f . Its impact on the final film thickness results from its impact on the transition height, h tr . With decreasing K the transition between hydrodynamic and evaporative thinning is shifted to larger film thicknesses, resulting in thicker final solute film thicknesses, h f .
The variation of K respectively m during film thinning has no influence on h f , because this variation occurs essentially during evaporative film thinning. In this case the amount of solute per film area i.e., h f , remains constant. Fig. 7 presents experimental data on the evaporation rates as function of the rotation speed including the case of x ¼ 0. The findings confirm the square root dependency that has been discussed already in the literature (Meyerhofer, 1978; Haas et al., 2000; Cochran, 1934) . Fig. 8 presents in a universal plot the relation between the final thicknesses, h f , and the initial polymer concentration, x 0 , for different polymers, solvents and rotation speeds. The final film thickness is normalized with the transition heights of each experiment based on solvent-specific and instrument-specific evaporation rates e, as well as m 0 , the measured weighing in kinematic viscosity of the solutions. The excellent agreement between the measured data and the data calculated with Eq. (10) demonstrates the validity of the first-order approach leading to Eq. (10). It is an astonishingly simple correction to the zero-order approach. One has just to replace the viscosity of the pure solvent by the viscosity of the solution. Eq. (10) is very useful for practical spin cast applications because g 0 and q 0 are easily measurable bulk properties. Also accessible right away is x. And the solvent-and instrumentspecific value for e can be determined with just one experimental measurement of h f through Eq. (10).
We are fully aware that there can be found in the literature quite a number of experimental and theoretical studies addressing similar topics as analyzed in this report (Larson and Rehg, 1997) .
However, what has been published before is often patchwork, presenting bits and pieces of different aspects of spin casting. The experimental findings are often confusing, presenting a plethora of data without clear dependencies on parameters and without well-defined boundary conditions.
In particular the relation between the final solute film thickness and whatever is considered as relevant spin cast parameters is addressed in several previous publications. Indeed data similar to Fig. 1 can be found in the literature (Meyerhofer, 1978; Washo, 1977; Hernandez et al., 2010) . On-line thinning curves similar to those of Fig. 2 have also been published before (Weill and Dechenaux, 1988; Heriot and Jones, 2005; Jukes et al., 2005; Mokarian-Tabari et al., 2010; Ebbens et al., 2011; Toolan et al., 2013) . However, these data were never analyzed in detail theoretically in respect to a simple, transparent spin cast scenario without a guesswork of adjustable parameters. For instance, experimental findings have been explained with evaporation rates and/or viscosities, which (supposedly) continuously vary during the spin cast process due to the solute enrichment. Thus, based on suitably selected adjustable parameters these models explain the experimental findings. But these earlier models fail to predict the result of a spin cast process quantitatively, in particular on a more general, universal scope, because the models are based only partially on solid experimental data. Up to now nobody has actually measured invivo the evaporation rates during the film thinning and solute enrichment. Data as presented in Figs. 3, 4 and 6 are not available in the literature. The result of these new experimental insights is a rather universal, concise theory, which (1.) accurately predicts the final film thickness for a wide range of thicknesses (Fig. 8) , (2.) is based on only a few measurable (bulk) quantities (Eq. (10)), (3.) is supported by experimental data (in particular Fig. 3 ) and, (4.) is based on a simple, transparent physics approach.
In conclusion, we present here for those who want to apply evaporative spin casting (a solution of a nonvolatile solute and a volatile solvent) a lucid and well-defined ''recipe" to achieve a specific solute coverage. In particular, based on detailed experimental investigations, we reveal and discuss in a transparent approach how we extract our final ''master" formula (Eq. (10)).
Step-by-step we explicitly relate the theoretical description to the experimental observations and specify the boundary conditions of its validity. It turns out that the spin cast process is rather straightforward even for relatively high solute concentrations. Only a few easily measurable bulk system parameters (g 0 ; q 0 ; x) and one ''calibration" experiment (determination of ''e") are sufficient to describe the process and to predict its main result, the final solute coverage. Beyond that, the data and analysis presented in this report disclose a transparent picture on the physics occuring during evaporative spin casting, such as the thinning behavior, the evaporation behavior, and the evolution of the solute concentration.
